Graphene quantum dots have proven useful for a variety of applications due to their impressive bandgap tunability, which can be achieved through structural modification methods including edge functionalization and doping. Here, we investigate the functionalization of graphene quantum dots with formate esters using a method of noncatalyzed electrophilic substitution. We also examine the optical and structural properties of these formate-functionalized graphene quantum dots, with the functionalization causing a redshift in absorption consistent with a reduction in bandgap. The findings in this paper have the potential to be used in applications ranging from single photon emission in quantum computing to tunable fluorescence in bioimaging.
INTRODUCTION
Graphene, an allotrope of carbon, has garnered much attention since its experimental discovery in 2004 due to its unique properties [1] . Being one atom thick and containing a hexagonal, sp 2 -hybridized lattice-type structure, graphene possesses a low mass coupled with impressive structural strength [2] . Additionally, graphene's electronic band structure allows for high electron mobility, making it an excellent conductor of heat and electricity [3] . Finally, graphene -even in quantum dot form -poses low health risks [4] , and is easily obtainable from graphite, a common material composed of stacked sheets of graphene. This combination of ideal properties permits many applications of graphene in electronics, bioimaging, biosensing, and more.
In recent years, a new application of graphene has received attention -graphene quantum dots (GQDs), or 0-dimensional particles of graphene [5] . GQDs inherit many of graphene's desirable physical properties, such as high electron mobility and low toxicity. Additionally, due to their size (on the order of 10 -8 m), GQDs are also subject to quantum confinement, and exhibit tunable photoluminescence as a result [6] . Due to these ideal properties, GQDs have found a home in a variety of applications, including solar cells [7] , lithium-ion batteries [8] , bioimaging [9] , and single-photon emission [10] .
As with other types of quantum dots, such as those composed of amorphous carbon, there exists the potential to enhance the photoluminescence (PL) properties of GQDs through modification of their chemical structures. One common method of doing so is the introduction of a dopant into the structure of a GQD -for instance, Ain et al. have examined the effects of doping GQDs with boron, nitrogen, chlorine, sodium, and potassium, and have found significant differences in PL properties following the introduction of the dopants [11] . Another avenue for altering PL characteristics, which forms the focus of this paper, involves functionalizing the edge structures of graphene quantum dots. Multiple approaches to edge functionalization have been examined in the past: Kumar et al., among others, have examined amino-functionalized graphene oxide QDs [12] , and Li et al. have performed a theoretical study on GQDs functionalized with a variety of chemical groups (many containing C=O double bonds) [13] . However, there still exist a variety of potential candidates for edge functionalization that have yet to be explored. As such, the focus of this paper is to create and experimentally verify a protocol for the functionalization of GQDs using formate, which, to our best knowledge, has yet to be experimentally achieved. We also aim to examine the effect of formate functionalization on the optical properties of GQDs. 
EXPERIMENTAL METHODS

I. Graphene Quantum Dot Fabrication
To fabricate non-functionalized GQDs, an electrochemical process derived from the work of Ahirwar et al. was used [14] . To start, 500 mL of a solution containing 0.10 M citric acid monohydrate (Showa Chemical) and 0.30 M sodium hydroxide (Choneye Pure Chemicals), dissolved in Milli-Q water, was prepared. Two graphite rods were then heated at ~1000 O C for ~10 minutes to introduce surface impurities before being rinsed in Milli-Q water, dried, and placed vertically in the solution 25 mm apart. After 7 days, a yellow-colored solid was obtained after the removal of water via rotary evaporation. UV-Vis spectrophotometry (VSP-UV, Vernier) was performed to characterize the sample.
II. Graphene Quantum Dot Functionalization with Formate
To functionalize the GQD sample with formate, an excess of formic acid (determined using 1:1 molar ratio based on total GQD mass and molar mass of carbon) was added to the sample in a flask.
The resulting solution was refluxed and stirred for 48 hours, at 95 O C, inside of a fume hood. Afterwards, the functionalized GQD sample was placed in dialysis tubing (#684216, Carolina) for 7 days to filter excess formic acid.
The resulting solution was reduced to dryness and analyzed through UV-Vis spectrophotometry (VSP-UV, Vernier) and IR spectroscopy (UATR Two, PerkinElmer).
RESULTS AND DATA
I. UV-Vis Spectrophotometry Results for Formate-Functionalized Graphene Quantum Dots
Results of the formate-functionalized GQDs demonstrate marked differences compared to non-functionalized GQDs. UV-Vis spectrophotometry demonstrates a prominent shift in absorbance, from a peak at 255 nm for nonfunctionalized GQDs to a peak at 282 nm for functionalized GQDs (Figure 1 ). This redshift in absorbance demonstrates a decreased bandgap width in the formate-functionalized GQD as compared to the non-functionalized GQD. This is consistent with the theoretical results of Li et al. for other functional groups [13] -namely, a longer wavelength of light implies a lower energy of emitted light and therefore a smaller bandgap.
II. IR-Spectroscopy Results for FormateFunctionalized Graphene Quantum Dots
The IR spectrum of the formatefunctionalized GQD sample shows a pair of small peaks at 2926 and 2858 cm -1 , two broad peaks located at 1642 and 1364 cm -1 , and a sharp peak at 1044 cm -1 (Figure 2) .
The broad peak at 1642 cm -1 is attributed to the hybridized carbon-carbon bonds inherent in graphene's structure (this peak occurs at 1563 cm -1 in the IR Spectrum for graphene [15] ), as well as the C=O bonds inherent in formate [16] . Likewise, the two peaks at 2926 and 2858 cm -1 correspond to C-H bonds in the GQDs, as they correspond almost exactly to the peaks at 2922 and 2850 cm -1 in the IR spectrum for graphene [15] . Finally, the peaks located at 1364 and 1044 cm -1 , after comparison with the IR spectra for pure formic acid [16] and graphene oxide [17] , are associated with C-O bonds.
FURTHER ANALYSIS
The edge-functionalization protocol detailed here is derived from the process of electrophilic substitution, in which one electrophile replaces another in the edge structure of a GQD. Nonfunctionalized GQDs contain hydrogen atoms at their boundaries. Therefore, formate, an electrophile, will tend to replace hydrogen atoms in the edge structure of a GQD through substitution (Figure 3) .
Evidence of this structure can be found in the IR spectrum. Specifically, the peak at 1364 cm -1 is attributed to the C-O bond in the formate ion. This peak appears, with a ~150 cm -1 shift, in the IR spectrum for pure formic acid [15] . The observed shift can be attributed to the change from a C-OH bond to a C-O-C bond when the formate ion attaches to the GQD. Meanwhile, the peak at 1044 cm -1 aligns closely with the 1084 cm -1 C-O peak observed in the IR spectrum for graphene oxide [17] , another compound that has oxygen bonded to graphene.
CONCLUSION
Through a facile experimental protocol, we have successfully executed edge functionalization of GQDs with formate. Furthermore, we have used several analytical methods to confirm the structural properties of the functionalized GQDs and have found that they align with our theoretical structure. Finally, we have analyzed the absorbance properties of these GQDs and confirmed a redshift in absorption, characteristic of a reduction in bandgap.
These findings hold the potential for several real-world applications, including bioimaging and single photon emission in quantum computing.
These applications require the precise bandgap tunability and control over optical properties observed in this study. Furthermore, owing to the low toxicity of GQDs and the relatively low toxicity of formate, we predict acceptably low toxicity levels for use in such applications, especially compared to GQDs functionalized with other groups such as halogens.
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